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Abstract 
The increasing length and interconnectedness of process chains  caused by a rising product complexity  forces companies to 
operate in an environment with a growing number of change drivers interfering in their day-to-day business. These new business 
conditions characterized by a rising intensity and multidimensionality of changes do not allow covering all potential developments 
by the flexibility of the production economically. This circumstance requires new approaches for process planning and investment 
decisions for companies. 
This article introduces an integrated planning approach to evaluate the changeability of interlinked production processes ex ante 
using material flow simulation and scenario analysis. Based on the results process chains can be configured robust to future 
requirements, because changeability enablers for a quick and efficient adoption can be installed systematically. A major advantage 
of simulating multiple stages of a production process is not only that the changeability of single processes is evaluated, but also the 
interdependencies within the entire process chain are considered in the evaluation and the configuration of improved processes. 
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1. Introduction 
1.1. Problem statement 
It has conclusively been shown that production firms 
need changeable production systems to face the 
challenges of the future [1 3]. These challenges are for 
example a more volatile customer demand or more 
changes in the currently produced products [2]. Before 
production firms can optimize their changeability it has 
to be evaluated and the required extent has to be 
determined. Hence, in this paper a strategic planning 
approach is developed to design changeable process 
chains based on the evaluation of changeability. 
1.2. State of scientific research 
The common understanding is that manufacturing 
flexibility is a capability to adapt to changed operative 
conditions within a pre-defined range. [2, 4 6] The main 
characteristics of flexibility are that the change is 
implemented without disorganization, at low cost and in 
different dimensions (production volume, mix, product 
process changes) [4]. Changeability  in contrast to 
flexibility  enables an institution to adapt its 
manufacturing to new conditions by significant 
structural changes in technology and organization 
beyond pre-defined borders economically. The adaption 
can be reactive and proactive and can address different 
structuring levels of a factory. [3, 7 10] 
The first major research activities to improve the 
changeability of factories started with the Collaborative 
Research Centre 467 in 1997. The main focus was the 
development of solutions to improve the changeability 
of companies producing a high variety of products in 
serial production. [11] A systematic of changeability and 
an approach to identify the necessary mid and long term 
changeability of factories with scenario analysis was 
provided by Hernández Morales. This top-down 
approach facilitates the identification and definition of 
the required changeability enablers based on key factors 
of the different scenarios. [10, 12] The idea of planning 
changeability based on the scenario analysis was taken 
Available online at www.sciencedirect.com
 13 The Authors. Published by Elsevi r B.V.
l ction and peer-r view under responsibility of Professo  Pedro Filipe do Carmo Cunha
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
140   Florian Albrecht et al. /  Procedia CIRP  7 ( 2013 )  139 – 144 
 
up in different research work, because it is an 
appropriate tool for the derivation of potential future 
developments in the long term [3, 13 15]. 
A considerable amount of literature describes 
technological solutions and organizational approaches to 
enhance the changeability of factories or certain sub-
systems, e.g.: Abele and Wörn describe a reconfigurable 
machine tool with changeable modules to adapt to 
altered requirements [16, 17]. Lotter et al. analyze the 
impact of assembly systems on the changeability [18] 
and develop a method to plan changeable modularized 
manual assembly systems [19]. Drabow proposes an 
approach to modularize manufacturing systems on 
different hierarchical planning levels and evaluate 
different solutions with defined criteria [20]. 
The evaluation of changeability has not been focused 
with the same intensity as the study of optimization. This 
is probably due to the fact that the common practice is to 
achieve maximum changeability [21]. Substantial 
research about the evaluation was contributed by 
Hernández Morales [10], Heger [22], Heinen [23] and 
Koch [13], but the research of Drabow [20], Klemke et 
al. [24] and Kinkel et al. [25] include methodologies that 
should be paid attention too. 
Hernández Morales developed an approach to 
evaluate the changeability on the basis of the existence 
or rather the characteristic of changeable objects on all 
system levels of a factory. After a changeability enabler 
has been assigned to a certain factory object a scale is 
defined and the object can be classified. According to 
this procedure every object can be evaluated for every 
change enabler. The evaluation can be used for the 
general evaluation of design principles or for the case-
specific evaluation of existing objects in a factory. [10] 
 potential 
 to evaluate the potential of factory objects to 
be changed on defined sets of criteria (including scale). 
The methodology provides 232 evaluation criteria for 24 
factory objects on different levels of the factory and is 
based on the value benefit analysis. [22] 
Heinen considers the factory as a socio-technical 
system and focuses on the optimization of the improved 
motivation for better changeability. The evaluation is 
based on a profile comparison to identify deficits in the 
employees  potential. [23] 
Koch combines the work of Heger and Heinen to 
evaluate the technical and the social subsystem of a 
factory. The methodology provides 19 morphologic 
boxes for the technical subsystem and 16 morphologic 
boxes for the social subsystem that contain defined 
criteria that can be aggregated to an indicator for the 
changeability. [13] 
Darbow describes a methodology to evaluate 
changeability of manufacturing systems for 
manufacturers of machines and manufacturing systems. 
The objectives regarding changeability are defined top-
down. The evaluation is executed for every object 
(module) of the manufacturing system with pre-defined 
criteria based on the changeability and enablers. The 
results are aggregated for the whole manufacturing 
system  bottom-up  with a value benefit analysis. [20] 
Klemke et al. present a method to evaluate the actual 
changeability of a production. The current state of the 
changeability is determined for the following 
dimensions: production volume, number of variants, 
process quality, delivery time, cost per piece. This 
analysis has to be carried out for all processes and the 
results are recorded in a defined framework. Within that 
framework the results are compared with those for the 
required changeability and measures for its improvement 
are deduced. How the current and future changeability 
are quantified in the different dimensions is not 
described. [24] 
Kinkel et al. suggest a method to benchmark 
changeability in comparison to other companies. The 
changeability in the dimensions production volume, 
number of variants and throughput time is deduced from 
an estimation of how far the different dimensions can be 
extended (or reduced) within one year. The company-
specific values can be compared with data from an 
empirical study among companies in the high-tech 
industry. [25] 
As described several attempts have been made to 
analyze the changeability of production systems in order 
to improve it. The evaluation is executed on the level of 
factory objects and the criteria sets are pre-defined based 
on changeability enablers (e.g. mobility, modularity) in 
most cases [10, 13, 20, 22]. 
However, all the previously mentioned methods 
suffer from a serious limitation. Although the scenario 
analysis is an accepted method to deduce potential future 
developments [3, 13 15], the results are not related to 
the evaluation of the single factory objects [10, 20, 22]. 
Only Koch and Klemke et al. compare the current state 
of the changeability with the target value [13, 24], but 
the evaluation allows no inferences to be made to any 
performance indicators (e.g. productivity, OEE) and thus 
the economic necessity. 
The described methods provide only limited support 
to systematically implement changeability enablers 
efficiently, because every object has to be evaluated by a 
certain number of indicators and in some cases the result 
is aggregated to a single indicator. 
1.3. Objectives 
This paper examines the planning of changeable 
production systems in shop-oriented organizations with 
high amounts of products or variants (high variance of 
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process sequences with individual process parameters 
like process time and setup time) and multiple stages 
(e.g. plants of a production network). Therefore a 
planning approach should be introduced which allows 
the efficient evaluation of production processes based on 
recognized key performance indicators (KPI) for the 
efficiency of a production considering the dynamic 
interactions between the elements of the production 
system. In contrast to previous static approaches the 
production system should not be evaluated on predefined 
criteria sets for each factory object [3, 13 15]. The 
considered period of time in the approach should be the 
life expectancy of the manufacturing equipment and thus 
the object-oriented changeability [26]. 
Since there is a broad agreement, that unlimited 
changeability does not make economic sense [21, 27], 
the approach requires that future developments of the 
business environment and strategy are used as measures 
for the required changeability. The scenario analysis is 
an accepted standard for this application [3, 12 15]. 
2. Evaluation model for changeability 
A systematic planning approach to implement 
changeability enablers efficiently requires the evaluation 
of single process objects (e.g. machines) relative to a 
future state. In contrast to the evaluation of flexibility the 
evaluation of changeability focuses the identification of 
future developments that require a change in the 
production system. Since the scenario technique is a 
proven tool to identify significant drivers of change in 
the environment of a company in a long term horizon (5 
to 15 years) [28], it is used to develop potential future 
states. [28] provides an overview of scenario analysis 
techniques. This saves planning resources since not 
every future state is considered. Furthermore the 
scenario approach is an appropriate tool to avoid 
by planning for different 
future states and not just for the expected one [29]. 
The mentioned objectives can be achieved with a 
strategic planning approach using an integrated decision 
support system. This support system must take into 
account the hierarchical dependencies between strategic 
decisions and their operational impacts in the process 
chain. Considering these dependencies the approach can 
be classified as a distributed decision making (DDM) 
system. [30] The main properties of a DDM system and 
the interrelations in the introduced approach are shown 
in Fig. 1. An essential component of the DDM system is 
the anticipation of changeability of the process chain on 
an operational level. The complexity of the process 
chain  its stochastic influences, dynamic and time 
discrete characteristic  reduces the planners  options for 
anticipation because analytical or mathematical 
descriptive models cannot be solved [31, 32]. Hence a 
discrete-event simulation model (material flow 
simulation) is used. First, entities with stochastic, 
dynamic or discrete attributes can be used in this type of 
model representing the production system including its 
operational planning rules such as sequencing [32, 33]. 
Second, different measures for increasing the 
changeability can be simulated and the effects can be 
analyzed during the planning process before the final 
decisions are implemented in the process chain (object 
system) [31, 32]. Third, the different planning basis, 
defined by the business environment and strategy 
described in the future scenarios can be integrated by 
changing simulation inputs [32].  
 
 
Fig. 1. Distributed decision making (DDM) according to [30] 
The introduced planning approach has of three major 
steps (Fig. 2) described in the following paragraphs. 
2.1. Analysis and modelling 
The approach starts with an ex ante analysis of the 
examined process chain including a data collection. The 
planning team summarizes the results of the analysis by 
creating a language-oriented and parameter-oriented 
model description [34]. The managers responsible for 
the examined process chain and the planning team 
should discuss this model description to identify 
differences between the real process chain and the 
description as well as data gaps [35]. As mentioned 
before, the future scenarios will be represented as 
different input-sets in the simulation model. Therefore 
the qualitative scenarios are transformed into a 
quantitative parameter-oriented model description. 
Using these model descriptions the simulation model is 
built. The validation and verification of the simulation 
model should be carried out simultaneously whilst 
building the model [36]. Verification ensures that the 
model is built correctly [32]. E.g. the logical structure of 
the model can be verified by using the animation of the 
simulation model [36]. To validate the simulation model 
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the previously analyzed parameters of the real process 
chain are compared to the gained simulation results. If 
there is no fit between the data, the planning team has to 
adjust the model parameters until the correct model is 
built [32]. Further the managers should be integrated in 
the verification and validation process. While discussing 
the model results the involved parties improve their 
understanding of the dynamics and relationships 
amongst the process chain [37]. This knowledge 
simplifies installing changeability enablers later in the 
planning process. 
 
 
Fig. 2. Planning approach for changeability 
2.2. Evaluation and targeting performance indicators 
The validated simulation model is the foundation for 
evaluating the changeability of the examined process 
chain with an analysis of weak points. According to the 
parameter-based scenario description the simulation 
model is parameterized with different sets of input data 
(e.g. changing order income). Only the external 
influences are varied and the internal variables 
describing the production system are kept unmodified, 
except the adjustments are within its flexibility (Fig. 3). 
Thus the effects on the current state of the production 
system are analyzed for every scenario. 
 
 
Fig. 3. External influences and internal variables 
The development of the input data from the current 
state to the final values described in the parameter-based 
scenario description can be modeled as a function of 
time in the simulation model. This allows estimations 
about the point in time when the production system 
cannot produce the required output economically any 
longer.  
The target system provided by the VDI 3633 Part 1 
(Fig. 4) serves as a framework to deduce the necessary 
KPI for operational efficiency. The results of the 
material flow simulation are similar to the information 
gained with a production data acquisition (PDA) system 
[34]. If it is necessary, the indicators can be gathered for 
every building block (e.g. machine), physical object (e.g. 
workpiece) or informational object (e.g. orders, 
variables) [35]. 
 
 
Fig. 4. Target system of production [34] 
In every simulation run the KPI for all relevant 
elements of the process chain are recorded to monitor if 
(and when) the existing configuration of the production 
system is no longer able to produce economically. Since 
the KPI are available for every element it is possible to 
localize the source of inefficiency even in complex 
production systems (as described in point 1.3.). 
Furthermore, it is possible to identify problem causes 
(e.g. growing share of setup-time, low utilization of 
production units) and their extent. 
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2.3. Improvement 
The results of every simulation experiment are 
visualized in an extended form of a value stream map. 
Value stream mapping is a method to illustrate the path 
of a product through a complete supply chain and allows 
the identification and understanding of all relevant flows 
of material and information [38]. In contrast to the 
regular value stream maps the future state value stream 
map contains additional information from the simulation 
experiments in a separate data box and is created for 
every scenario, which is analyzed. If critical KPI are 
detected in a simulation experiment the specific 
indicators are added to the data box of the particular 
process. Furthermore, the point in time is noted when the 
production system is affected negatively. The notation of 
this information is standardized. 
Afterwards a detailed analysis of the processes with 
critical KPI follows: First, the performance parameters 
(e.g. process time, setup-time) of the process related to 
the KPI are identified. For instance, if the utilization of a 
machine is low and the proportion of setup-time is high, 
the setup-time is the related performance parameter.  
Second, the necessary target value of the identified 
performance parameter is determined. Thereby, a series 
of simulation experiments is conducted to find the target 
value for the performance parameter which allows to 
produce efficiently again. The identified target value is 
also noted in the data box of the process. The gap 
between the performance of the current production 
system in comparison to the required target performance 
allows deducing the necessary measures. If there is just a 
small gap optimization measures are enough (e.g. SMED 
workshop to reduce setup-time). In contrast a high 
divergence requires a structural change. 
A complex production system is characterized by an 
impenetrable network of systemically interlinked cause 
and effect relationships. Because of this the interactions 
of interventions are usually not transparent. [34] The 
simulative deduction of target performance parameters 
can cause problems in processes that have been 
uncritical so far. This circumstance requires the 
simulative determination of target performance 
parameters to be repeated for every process until the 
system is proven robust with respect to the analyzed 
scenario. According to the complexity of the production 
system it can be necessary that some processes require 
an adjustment of their performance parameters several 
times. [39] The results for every analyzed process are 
noted in the particular data box. 
The provided information from the simulation model 
about the future state is similar to the information 
offered by a PDA system about the current state of a 
production system. This enables the planning team to 
predict the necessary structural changes for the analyzed 
process and allows deciding if changeability enablers 
need to be installed. Therefore, many technical solutions 
for a wide range of applications can be found in the 
literature (compare point 1.2.) or general principles for 
changeability (universality, scalability, modularity, 
mobility and compatibility) [9] can be applied.  
The advantage of the described method is that the 
simulated process-specific KPI enable the planning team 
to focus on the processes that require to be changed in 
future scenarios. In contrast to previous models not 
every factory object hast to be evaluated. Since every 
changeability enabler causes additional cost their 
installation can be limited to processes with a high 
probability of change. Besides, the information from the 
KPI and their temporal development allow estimations 
on how much time is available to implement structural 
changes to a production system when the occurrence of a 
certain scenario is approved. The gathered information 
about the systemic interactions of interventions during 
the determination of target performance parameters 
facilitates the definition of an orchestrated package of 
measures to adapt to the change. 
3. Case Study 
The applicability of the method was proved in a case 
study at a manufacturer of reusable sterilization 
container systems, which are produced in a great variety 
and large quantities (approx. 300,000 to 400,000 
products per year) according to the principle of shop 
fabrication. The process chain contains the mechanical 
production (in plant 1), refinement by an external service 
provider and the final assembly and test (in plant 2). The 
parts are machined on 14 different stations which have 
product-specific process- and setup-times. The products 
are assembled on five assembly lines with product-
specific assembly times. Every intermediate and finished 
product has an individual lot size. 
The existing production system was evaluated for two 
scenarios. The first scenario is characterized by a 
significant increase of product variants (approx. 
+100 %)
behavior changes and the lot sizes have to be adjusted. 
In addition to the existing manufacturing organization an 
alternative design with a higher automation level is 
going to be evaluated. In all analyzed scenarios different 
working time models are considered. The material flow 
simulation was executed on Siemens Tecnomatix Plant 
Simulation 10. The results considering the system 
behavior in several scenarios (bottlenecks, critical 
production volumes and mix of variants) provide the 
basis for the development of the organization and layout 
for a new factory building. 
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4. Conclusion 
This paper describes an approach to evaluate and 
improve the changeability of production systems on 
recognized KPI for every object in production systems in 
a future state. A key element of the evaluation method is 
the material flow simulation of different prospective 
scenarios to determine KPI for the future states. The 
simulated future state KPI provide the same information 
to the planning team as a PDA system about the current 
state. That way the processes, which require being 
changed in future scenarios, can be identified and 
change enablers can be installed efficiently, because not 
every process requires the same changeability. Further 
research might investigate how a controlling tool can be 
developed that combines the information from leading 
indicators and the simulation results about the remaining 
time to implement structural change, when it is approved 
that a certain scenario occurs. 
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